A series of magnetic carbonaceous acids (JHC-T 1 -T 2 -SO 3 H@Fe/Fe 3 O 4 ) were synthesized by the assembly of nano-Fe 3 O 4 magnetic cores (particle size < 20 nm) and carbon coatings derived from hydrolysates of Jatropha hulls. A magnetic JHC-12-600-SO 3 H@Fe/Fe 3 O 4 catalyst with a total acid content of 2.69 mmol g À1 and a magnetic saturation of 40.3 A m 2 kg À1 was successfully prepared via a sequence of hydrothermal precipitation, pyrolytic carbonization, and finally sulfonation with H 2 SO 4 . The catalyst was directly used for the production of biodiesel from Jatropha crude oil with an acid value (AV) of 17.2 mg KOH per g, and the optimized conditions (180 C for 7.5 h with a molar ratio of methanol/oil of 18/1 and a catalyst loading of 7.5 wt%) were determined by single-factor tests. An average biodiesel yield of 95.9% was achieved with a recovery rate of 94.3% after 5 reaction cycles in a 5 L batch reactor for testing the feasibility of the catalyst for large-scale use. This study demonstrates an alternative green approach to fully utilizing waste biomass from energy plants in the catalytic synthesis of Jatropha biodiesel with high efficiency.
Introduction
Limitations in fossil oil reserves and global warming have become serious problems because of the growing global demand for energy and the accumulation of atmospheric CO 2 by the combustion of fossil fuels. 1, 2 Biodiesel is considered to be an alternative liquid fuel owing to the advantage that it is clean and renewable. 3, 4 Because heterogeneous catalysts are easier to recover from the reaction system than liquid acid or alkaline catalysts, 5 solid catalysts have been widely employed in the production of biodiesel. Solid basic catalysts including K/SiO 2 , 6 CaO from eggshells 7 and calcium-modied porous aluminosilicates 8 have commonly been used in the production of biodiesel owing to their high performance in transesterication reactions of oils with a low acid value (AV). Natural Jatropha oil is a promising raw material for the production of biodiesel with suitable properties. [9] [10] [11] However, it always has a high AV, which is caused by long-term storage. 12, 13 To avoid the direct use of basic catalysts, which would cause severe saponication of the reaction system during the transesterication of Jatropha oil, deoxygenation of fatty acids 14 and transesterication with enzyme 15 or solid acid catalysts [16] [17] [18] are effective methods that have been widely employed in the production of biodiesel. However, deciencies in these methods, such as the high cost of lipases, harsh deoxygenation conditions and incomplete separation of the catalyst particles from the products, remained and posed challenges to their further utilization in the large-scale production of biodiesel.
14-18
When catalyzing hydrolysis, esterication and dehydration reactions, solid acid catalysts, in particular sulfonated solid acid catalysts, exhibited excellent performance in the conversion of various alternative carbon resources, such as lignocellulosic biomass, 19 sugars, 20 and non-edible oils, 21, 22 for the purposes of producing fuels and high-value-added chemicals. For example, sulfated mesoporous niobium oxide (MNO-S) was developed as a catalyst for the production of 5-hydroxymethylfurfural (5-HMF). It catalyzed the hydrolysis and dehydration reactions of various disaccharide substrates and exhibited promising feasibility owing to a relatively high yield of 5-HMF and excellent recyclability.
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As sulfonated active carbon has been successfully employed in the catalytic production of biodiesel from crude Jatropha oil with a high AV of 12.7 mg KOH per g, 22, 23 the efficient recycling of solid carbons is of key importance for the purpose of reusing catalysts. Centrifugation and ltration methods have been commonly used, but both of them operated with low time or energy efficiency. 22 The introduction of a magnetic eld for the isolation of catalysts from the reaction system was a practical approach without intensive consumption of time or energy. Magnetic carbonaceous acids provided a convenient way of using a magnet for the isolation of catalysts. Novel carbonbased materials, including sulfonated magnetic lignin-derived amorphous carbon solid acids (MLC-SO 3 H), 24 magnetic carbon nanotube arrays (sulfonated MCNAs) 25 and magnetic carbonaceous acids, 19, 26, 27 were synthesized and successfully used in catalyzing the dehydration of fructose and the hydrolysis of polysaccharides and cellulose, respectively. However, these reported magnetic carbonaceous acids were not adequate for employment in the production of biodiesel with high efficiency owing to their relatively low acidity or magnetism (Table  1) .
In our previous work, 28 an alternative magnetic AC-600-SO 3 H@Fe/C catalyst with high acidity and magnetic saturation was synthesized using glucose as the source of the carbon coating. With remarkably high efficiency in the transesterication of Jatropha oil and a high catalyst recovery rate, it was successfully employed for the production of Jatropha biodiesel. As the synthesis of the catalyst required edible sugar and complicated operations (Table 1) , we therefore developed a method for preparing a series of magnetic carbonaceous acids via hydrothermal precipitation, pyrolytic carbonization and sulfonation using nano-Fe 3 O 4 particles and hydrolysates of Jatropha hulls as alternative raw materials. The prepared magnetic carbonaceous acid that had the highest acidity and a relatively high magnetic saturation was selected and employed for the production of Jatropha biodiesel under conditions optimized by single-factor experiments. Before being used for the production of biodiesel, the prepared catalyst was ground and sieved through a 200 mesh screen.
Experiments

Instrumentation
The total acid content (TAC) was measured by the temperatureprogrammed desorption (TPD) method using a chemisorption analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). About 50-100 mg of the catalyst was used for TPD analysis. The program used for the reacting gas and sample temperature was as follows: standard gas (10% NH 3 with 90% He, v/v, Yunnan Messer Co., Ltd, Kunming, China) was supplied for 60 min at 50 C at a ow rate of 85 mL min À1 and then converted to He gas (99.999%, Yunnan Messer Co., Ltd, Kunming, China), and the temperature was gradually increased to 400 C at a heating rate of 5 C min À1 over 60-90 min. The total acid content was calculated using an external standard, which was calibrated against 0.5, 1, 1.5, and 2 mL of a standard gas (10% NH 3 with 90% helium). Saturation magnetization (Ms) was measured using a vibrating sample magnetometer (VSM; Lake Shore 7407, Lake Shore Cryotronics, Inc., Westerville, OH, USA). Crystal structures were determined using an X-ray diffractometer (XRD; Rigaku Rotaex RAD-C, Tokyo, Japan) equipped with a Cu Ka radiation source. All samples were equally loaded. The composition of metallic oxides in the catalyst was determined according to a pairwise comparison of diffraction patterns with standard records (Joint Committee on Powder Diffraction Standards, JCPDS: 89-2355, 06-0696, 72-1110 and 39-1346). 29 The surface morphologies and microstructures of the catalysts and precursors were characterized using a scanning electron microscope (SEM; Zeiss EVO LS10, Cambridge, UK). The samples were loaded on copper mounts with double-sided electrically conductive adhesive carbon tape without gold coatings. Observations with the SEM were conducted using an accelerating voltage of 10.00 kV at a working distance of 15.5 mm. Transmission electron microscopy (TEM) images were recorded using a JEOL JEM-2010 microscope at an accelerating voltage of 200 kV. A suspension of the catalyst or precursor, which had been well dispersed in ethanol by ultrasonication, was dropped onto the copper grid and air-dried before being subjected to observation. Surface areas were selected and scanned by energy-dispersive X-ray spectrometry (EDX; Quanta 200, Hillsboro, OR, USA) for the determination of semi-quantitative elemental compositions (C, O, Fe and S). Functional groups were identied by Fourier transform infrared spectroscopy (FT-IR; Nicolet iS10, Thermo Fisher Scientic Co., Ltd, Waltham, MA, USA) within the spectral range of 400-4000 cm À1 . A 0.05 g freeze-dried sample was blended with 0.5 g spectroscopic grade KBr in an agate mortar and then pressed into a disc. The KBr disc was scanned with a resolution in the range of 0.4-4 cm À1 . The thermal stability of samples was determined using a thermogravimetric analyzer (TGA; TA Q500 HiRes, TA Instruments, New Castle, DE, USA). With 5 mg freezedried catalyst loaded in the TGA crucible, data were collected at temperatures rising from 40 to 800 C at 5 C min À1 under a helium gas atmosphere owing at 50 mL min À1 . The Brunauer-Emmett-Teller (BET) surface area and pore volume were measured by the nitrogen adsorption-desorption method using a TriStar II 3020 (Micromeritics Instrument Co., Ltd, Norcross, GA, USA). The samples were degassed at 120 C for 3 h before analysis. The elemental composition was determined using an elemental analyzer (Vario EL III CHNS, Elementar Analysensysteme GmbH, Hanau, Germany). The catalysts were dissolved in an oxidizing agent containing 10% HCl and 3.5% HNO 3 (w/w). The Fe content was determined by an inductively coupled plasma-optical emission spectrometer (ICP-OES; Optima 5300 DV, PerkinElmer Inc., Waltham, MA, USA).
Biodiesel production and catalyst recovery
The catalytic esterication and transesterication of crude Jatropha oil were performed in a 50 mL batch reactor (YZPR-50, Yanzheng Experimental Instrument Co., Ltd, Shanghai, China) equipped with a quartz cup (Fig. 1) . With a dead volume of 9.6 mL, the sealed reactor containing 18.6 g (0.02 mol) crude Jatropha oil, methanol (in a molar ratio to the oil of 6 : 1-30 : 1) and the catalyst (2.5-12.5 wt% of the oil) was pressurized with nitrogen (2.0 MPa, 99.99%, Yunnan Messer Co., Ltd, Kunming, China) to avoid the evaporation of methanol at high temperatures. The reaction was conducted at 160-200 C with a heating time of 25-35 min allowed before reaching the reaction temperature. Aer the reaction, the catalyst was isolated from the liquid using an NdFeB magnet ( Fig. 1c ) and subjected to direct reuse without any treatment. The large-scale production of Jatropha biodiesel in a 5 L batch reactor (FCFD05-30, Jianbang Chemical Mechanical Co., Ltd, Yantai, Shandong, China) with a dead volume of 36.7 mL (Fig. 2) was performed over the selected catalyst under conditions optimized via small-scale experiments. Before the reaction, an appropriate amount of the magnetic catalyst was rst loaded on an NdFeB magnet xed on the mixer sha (Fig. 2b) . Crude Jatropha oil (1.86 kg, 2 mol) and methanol were pumped into the reactor, which was sealed and then pressurized with nitrogen (99.999% purity, 2.0 MPa). High-speed stirring at 500 rpm was applied to homogenize the mixture with the catalyst. Then the Fig. 1 Images of (a) hydrolysates of Jatropha hulls, (b) a mixture of magnetic JHC-12-600-SO 3 H@Fe/Fe 3 O 4 with Jatropha oil and methanol in a 50 mL batch reactor, and (c) the catalyst recovered by an NdFeB magnet from the synthesized Jatropha biodiesel.
reactor was heated to 180 C within 60 min. Aer the reaction, the reactor was immediately cooled using circulating water for 0.5-1 h. The products were discharged slowly through the outlet valve (Fig. 2c) , and the magnetic catalyst was collected on the mixer sha attached to the NdFeB magnet for reuse. Aer 3 cycles, the recycled catalyst was washed with an adequate amount of dehydrated ethanol 3-5 times and dried at 105 C until a consistent weight was reached for calculation of the catalyst recovery rate. 
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The crude biodiesel that was produced was rst claried by being passed through a lter (pore size 0.22 mm, Merck Millipore). A Shimadzu gas chromatography (GC) system (GC-2014, Kyoto, Japan) equipped with a capillary column (Rtx-Wax, 30 m Â 0.25 mm Â 0.25 mm, Restek Corporation, Bellefonte, PA, USA) and a ame ionization detector (FID) was used for quantitative analysis of the yield of methyl esters in the product. Helium (99.999%) was used as the carrier gas at a ow rate of 1 mL min À1 . A 10 mL sample was injected with a split ratio of 40 : 1. The temperatures of the column, injector and detector were maintained at 220, 260 and 280 C, respectively.
The amount of methyl esters was calculated using C 17:0 as an internal standard. The yield of biodiesel was calculated by the equation reported in our previous work. With an increase in the hydrothermal precipitation time, the increase in the loading capacity of JHC-4-600@Fe/Fe 3 O 4 for -SO 3 H groups was attributed to the growth in the carbonaceous surface areas of the magnetic cores via the continuous deposition of bulk carbon derived from the hydrolysates. SEM and TEM images (Fig. 4A-a and b) showed that a short precipitation time (4 h) led to a defective carbonaceous layer on the JHC-4-600@Fe/Fe 3 O 4 precursor, which failed to protect the magnetic cores from corrosion by H 2 SO 4 during sulfonation. EDX analysis (Fig. 4A-c) revealed that the carbon content was lower (6.60 wt%) in comparison to that of O (22.6 wt%) or Fe (70.8 wt%) on the surface of the precursor. Aer hydrothermal precipitation for 20 h, a complete carbonaceous coat was observed on JHC-20-600-SO 3 H@Fe/Fe 3 O 4 ( Fig. 4B-a and b) . The C and S contents (wt%) that were determined signicantly increased to 33.1 and 21.4, respectively, whereas the O and Fe contents decreased to 18.6 and 26.9, respectively (Fig. 4B-c) . However, the overloaded The TAC was also affected by the carbonization temperature. In an analysis of the thermal stability of the JHC-12-200@Fe/Fe 3 O 4 precursor, a weight loss (of about 6.06 wt%) was observed at 203-400 C (Fig. S1 † (Fig. 5A-a) .
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Lower temperatures ensured a moderate content of hydrogen and oxygen atoms, which could be bonded by -SO 3 H groups on the surface of the precursor. 32 With an excessive carbonization temperature, the loss of active bonding sites for the formation of layers of aromatic carbon on the surface of the precursor would signicantly impair the efficiency of sulfonation. 33 With an increase in the carbonization temperature from 400 to 800 C, the TAC of the catalysts exhibited a dramatic decrease from 3.35 mmol g À1 to 1.12 mmol g À1 . To achieve a balance between the Ms and TAC, 600 C was selected as the optimized temperature for the carbonization of the precursor. Under these conditions, the TAC Fig. 5A-a (Fig. 5A-b) (Fig. 5C-a) showed small-sized agglomerates of the JHC-12-600@Fe/Fe 3 O 4 precursor with smaller rough particles on their surface. This was distinct from the pattern in which AC-600@Fe/C agglomerated in the form of smooth spheres with a size of 50-100 mm in previous works. 28 It was also observed that the JHC-12-600-SO 3 H@Fe/Fe 3 O 4 catalyst contained agglomerated particles with a better size (<30 mm) (Fig. 5C-b) . The size of the particles was smaller than that of the agglomerated AC-600-SO 3 H@Fe/C catalyst (50-100 mm). As metal oxides were exposed on the surface of the catalyst precursor without complete coverage by carbonaceous materials, JHC-12-600@Fe/Fe 3 O 4 could be corroded internally owing to penetration by H 2 SO 4 during sulfonation. Therefore, the size of the JHC-12-600-SO 3 H@Fe/ Fe 3 O 4 particles was slightly reduced (<20 mm), with numerous spherical nanoparticles (size of <500 nm) attached to the surface (Fig. 5C-b) . In addition to the change in the morphological pattern, the reduction in particle size and formation of microporous structures, as well as the removal of residual Fe 3 C particles from the surface of the precursor contributed to the increase in the surface area and pore volume of the catalyst. Nitrogen adsorption-desorption isotherms are shown in , respectively. Furthermore, it was observed that the sulfonation process could reduce the average pore width from 24.6 nm in the precursor to 8.95 nm in the catalyst. This phenomenon could be explained by (i) the dissolution of Fe 3 O 4 and Fe 3 C in the JHC-12-600@Fe/Fe 3 O 4 precursor by concentrated H 2 SO 4 ( Fig. 5A-a) and (ii) occupation of the pore volume by newly formed active groups. (Fig. 5D-b) .
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The content of sulfonic acid groups (-SO 3 H) in the JHC-12-600-SO 3 H@Fe/Fe 3 O 4 catalyst was 1.13 mmol g À1 , as calculated by elemental analysis, which showed a remarkable increase in the S content aer sulfonation ( According to previously reported conditions for the production of biodiesel (catalyst loading of 10 wt%, a molar ratio of methanol/ oil of 24/1, a reaction temperature of 200 C and a reaction time of 10 h), 28 optimization of the catalyst dosage (2.5-12.5 wt% with respect to Jatropha oil), molar ratio of methanol to oil (6/1-30/1), reaction temperature (180-220 C) and reaction time (2.5-12.5 h)
for the production of Jatropha biodiesel was performed by singlefactor tests. Each run was duplicated and the average values of the results were reported (Fig. 6 ).
3.3.1. Methanol/oil molar ratio. Although a theoretical molar ratio of methanol/oil (MOR) of 3/1 has been proposed for the transesterication of triglycerides, higher MORs ranging from 6/1 to 30/1 have been widely used for reactions at high temperatures owing to extensive evaporation of methanol into the dead volume of the reactor.
28 Fig. 6A -a shows that the biodiesel yield rapidly increased from 39.6% to 81.7% when the MOR increased from 6/1 to 12/1. The biodiesel yield reached a peak value of 94.2% at an MOR of 24/1. A great increase in the ratio to 30/1 led to a slight decline in the biodiesel yield to 92.7%, as the excessive mass of methanol reduced the relative concentration of the catalyst in the reaction mixture.
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When the catalyst was reused, the biodiesel yield increased from 33.0% to a maximum value of 88.5% with an increase in the MOR from 6/1 to 18/1 (Fig. 6A-b) . However, increases in the MOR to 24/1 and further to 30/1 led to declines in the biodiesel yield to 85.5% and 82.1%, respectively. A similar effect of an increase in MORs on changes in the biodiesel yield was revealed using either fresh or recycled catalysts. As the pore structures in magnetic JHC-12-600-SO 3 H@Fe/Fe 3 O 4 could be lled with methanol, the decline in the biodiesel yield was possibly due to a relatively low catalyst concentration that was caused by the higher MOR in the reaction system.
28 Therefore, 18/1 was selected as the optimum MOR in the following experiments.
3.3.2. Catalyst loading. A catalyst loading of 2.5 wt% to 12.5 wt% with an MOR of 18/1 was employed at 200 C for 10 h. The catalyst loading obviously affected the biodiesel yield when the fresh catalyst was used. With an increase in the catalyst loading from 2.5 to 7.5 wt%, the biodiesel yield increased from 66.5% to 94.6% (Fig. 6B-a) . Further increases in the catalyst loading to 10 and 12.5 wt% led to a slight decrease in the biodiesel yield from 94.1% to 91.8% owing to poor distribution of the catalyst at high concentrations by magnetic stirring within a limited volume.
The catalyst loading with the fresh catalyst and with the recycled catalyst displayed remarkable differences in their effect on the biodiesel yield. With a loading of 2.5 wt% of the fresh catalyst and when the catalyst had been used once, the biodiesel yield was 66.5% and 34.6%, respectively ( Fig. 6B-a and b) . Increases in the catalyst loading to 5, 7.5, 10.0 and 12.5 wt% gradually narrowed the gap between the catalysts to 14.9%, 5.8%, 5.6% and 3.5%, respectively. To limit the cost by reducing the catalyst loading, 7.5 wt% was selected as the optimum level of catalyst loading.
3.3.3. Reaction time. Under conditions of an MOR of 18/1, a catalyst loading of 7.5 wt% and a reaction temperature of 200 C, the biodiesel yield underwent a signicant increase between reaction times of 2.5 and 7.5 h and reached a maximum value of 94.8% with the fresh catalyst aer 12.5 h (Fig. 6C-a) . Reuse of the catalyst caused a reduction in the biodiesel yield, owing to the loss of part of the active groups ( Fig. 6C-b) . 28 However, the difference in biodiesel yield between the fresh and recycled catalysts decreased with an increase in the reaction time. A time of 7.5 h was selected as the optimum reaction time, with a reduction in efficiency of only 5.8% when the recycled catalyst was used.
3.3.4. Reaction temperature. Five reaction temperatures of between 160 and 200 C were tested (Fig. 6D) . When the fresh catalyst was used, a remarkable increase in the biodiesel yield from 58.3% to 90.6% occurred between 160 and 180 C. The biodiesel yield reached 92.0% at 190 C and increased slightly to 92.4% at 200 C ( Fig. 6D-a) .
When the catalyst was reused, a similar trend of an increase in the biodiesel yield from 61.5% to 92.5% was achieved as the temperature was increased from 160 to 180 C (Fig. 6D-b ).
However, with further increases in the temperature to 190 C and 200 C, the biodiesel yield declined to 85.6% and 88.8%, respectively, but was slightly promoted at the higher reaction temperature of 200 C via a change in the chemical equilibrium of the transesterication reactions. 28 This indicated that rmly bonded active -SO 3 H groups on the fresh catalyst remained when the temperature was lower than 180 C, at which sulfonation and hydrothermal pretreatment were performed on the catalyst. 28 Higher temperatures could cause a slight deactivation of the catalyst by releasing part of the active groups. Therefore, 180 C was selected as the optimum operating temperature of the catalyst. (Fig. 7 ). An average biodiesel yield of 95.9% and an AV of 0.29 mg KOH per g were achieved, which were slightly lower than the international standards for biodiesel products (96.5% and 0.5 mg KOH per g), respectively. 38 The biodiesel yield reached 93.2% when the catalyst was reused for the h time. In comparison to 96.5%, which was the biodiesel yield with the new catalyst, the decline was considered to be due to the leaching of -SO 3 H groups from the catalyst. On the basis of the reduction in the sulfur content from 3.62 to 2.37 wt% (Table 2) , the calculated leaching rate of -SO 3 H groups was 34.5% on the assumption that all the sulfur atoms were associated with sulfonic acid groups.
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The scaled-up experiments resulted in much higher biodiesel yields than those achieved in the 50 mL batch reactor (96.5% and 97.4% vs. 90.6% and 92.5% when the catalyst was used twice). This may have been caused by the difference in efficiency when mixing the catalysts with methanol and oil between agitator blades and magnetic stirrers (Fig. 2a vs.  Fig. 1c ). In comparison with the previous work, 28 higher biodiesel yields were achieved (90.6% and 92.5% vs. 90.5% and 91.8% for 2 reaction cycles) when the JHC-12-600-SO 3 H@Fe/ Fe 3 O 4 catalyst was employed in the 50 mL batch reactor under much milder optimum conditions (vs. an MOR of 24/1 and a catalyst loading of 10 wt% at 200 C for 10 h). In addition, the Ms of the JHC-12-600-SO 3 H@Fe/Fe 3 O 4 catalyst was much higher than that of AC-600-SO 3 H@Fe/C (40.3 vs. 14.4 A m 2 kg À1 ), as was previously reported. A catalyst with a strong Ms would be more suitable for use in a scaled-up reactor, because its strong attraction to an NdFeB magnet will prevent it from being carried out by the discharged biodiesel product (Fig. 2) .
With high values of TAC and Ms, JHC-12-600-SO 3 H@Fe/ Fe 3 O 4 displayed better performance in the direct production of biodiesel (Table 1) . Moreover, this also indicates that JHC-12-600-SO 3 H@Fe/Fe 3 O 4 potentially has high efficiency in the esterication of free fatty acids at low temperatures (<100 C).
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Therefore, it could be combined with solid bases in the production of biodiesel from crude oils with a high AV via a twoprocess conversion method. 
Conclusions
Magnetic carbonaceous acids derived from hydrolysates of Jatropha hulls were successfully synthesized. The JHC-12-600- Owing to their stable performance and multiple potential applications, the synthesis of magnetic carbonaceous acids derived from the hydrolysates of Jatropha hulls enabled the green and economic utilization of energy plant waste in the co-production of biodiesel products.
